Abstract-As the spectrum is becoming more scarce due to exponential demand of formidable data quantities, the new millimiterwave (mmW) band is considered as an enabling player of 5G communications to provide multi-gigabits wireless acccess. MmW communications exhibit high attenuation and blockage, directionality due to massive beamforming, deafness, low-interference, and may need micro waves networks for coordination and fallback support. The current mmW standardizations are challenged by the overwhelming complexity given by such heterogeneous communication systems and mmW band characteristics. This demands new substantial protocol developments at all layers. In this paper, the medium access control issues for mmW communications are reviewed. It is discussed that while existing standards address some of these issues for personal and local area networks, little has been done for cellular networks. It is argued that the medium access control layer should be equipped with adaptation mechanisms that are aware of the special mmW characteristics. Recommendations for mmW medium access control design in 5G are provided. It is concluded that the design of efficient access control techniques for mmW is in its infancy and much work still has to be done.
I. INTRODUCTION
There is a growing consensus both in Industry and Academia that the enhancement of 5G by millimeter wave (mmW) communications appears as one of the most promising candidate for next generation systems by which multiple gigabit-per-second data rates will be supported [1] . Since limited spectrum is available for commercial cellular systems operating in the microwaves (microW) band, most research has focused on increasing spectral efficiency by using advanced technologies such as MIMO, cognitive radio networks, and interference coordination. As spectral efficiency is approaching its fundamental limits, high data rate communications are only possible by adding more spectrum and increasing device deployment density without increasing the intercell interference.
MmW communications are particularly attractive for gigabit wireless applications such as gigabyte file transfer, wireless gigabit ethernet, wireless gaming, and uncompressed high definition video transmission. Given the high path loss attenuations, it seems the ideal candidate for dense base stations offering very high data rates and low intercell interferences. Due to the mmW great commercial potential, several industryled efforts and international organizations have emerged for H. Shokri-Ghadikolaei and C. Fischione are with KTH, Electrical Engineering and ACCESS Linnaeus Center, Stockholm, Sweden (e-mail: {hshokri, carlofi}@kth.se). G. Fodor is with Ericsson Research, Stockholm, Sweden (e-mail: {gabor.fodor@ericsson.com) G. Athanasiou is with University of Thessaly, Greece (e-mail: gathanas@uth.gr).
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the standardization within ad-hoc networks. Examples include IEEE 802.15.3 Task Group 3c (TG3c) [2] , IEEE 802.11ad standardization task group [3] , the WirelessHD [4] consortium, and the Wireless Gigabit Alliance (WiGig) [5] . However, the introduction of mmW communications poses many challenges in physical, medium access control (MAC), and routing layers due to its special transmission characteristics. The challenges become even more complex when in 5G we envision the integration and coexistence of more traditional communication standards working around microW frequencies of 2.4GHz and 5GHz, such as LTE and IEEE 802.15.4 and IEEE 802.11. The severe channel attenuations, high path loss, directionality, and blockage of mmW communications demand reconsidering traditional protocols, especially at the MAC layer, where signaling and resource allocation procedures need new architectures and algorithms capable to cope with mmW challenges.
In this paper, we identify the main challenges of mmW communications from a MAC layer perspective, identify critical aspects of existing standards that may hinder the great potentialities of mmW communications, and propose MAC design guidelines. To the best of our knowledge, this is the first study concerning MAC for mmW communications in 5G.
II. FUNDAMENTALS
The design of mmW MAC has to consider the peculiar characteristics of the mmW physical layer. Moreover, in 5G, MmW networks will be employed both as stand-alone in personal and local area networks as well as cellular enhancement. We overview these aspects in the following subsections.
A. Millimeter Wave Wireless Channel
MmW communications use the part of the electromagnetic spectrum between 30 and 300 GHz (in literatures sometimes between 10 and 300 GHz), which corresponds to wavelengths from 10 mm to 1 mm. The main characteristics of mmW are short wavelength/high frequency, large bandwidth, high interaction with atmospheric constituents such as oxygen, and high attenuation through most solid materials [6] .
On the negative side, higher power levels are necessary to overcome the huge path loss. If we consider 60 GHz mmW communications, the coverage is typically up to 10 to 20 meters, even though some test implementation confirms coverage of 2 km [7] at reduced rates. High levels of attenuation for certain building materials such as brick and concrete keep mmW transmission confined, requiring line of sight (LoS) communication. Thus blockage problems may be frequent. On the positive side, the interference levels in mmW communications are much lower compared to the congested 2.4 GHz and 5 GHz bands. The compact design of mmW antennas, which can include thousand antenna elements in a small radio chip, allows the use of massive multiple-antenna solutions. This permits transmissions by narrow beams, which overcomes high path loss attenuations, and drastically reduces interference and contentions to access the channel [8] . However, narrow beams introduce high directionality that may have the detrimental effect of deafness if beams are not correctly aligned.
B. Heterogeneity
To handle and take advantage of the physical characteristics of mmW communications mentioned above, the MAC mechanisms applied in mmW communications may have to exploit heterogeneous control messages for channel access and coordination, is required to operate on mmW and microW bands, and will have to co-exist with other network technologies. Both microW and mmW bands are expected to be simultaneously used in mmW MACs [6] . Consequently, there will be spectrum heterogeneity and network heterogeneity.
Spectrum heterogeneity: mmW devices may use both high (higher than 10GHz) and low frequencies (microW such as 2.5GHz and 5GHz). While higher frequencies provide massive amount of bandwidth for data communications, the lower frequencies may be exploited for control messages exchange, which demand much less data rates than data communications. This facilitates deployment of mmW networks due to possible omnidirectional transmission/receptions of control messages at lower frequencies. Control channels are not easily implementable in high frequency due to directionality, blockage and short range of mmW communications.
Network heterogeneity: 5G networks will be formed by a combination of several sub-networks. These sub-networks can be centralized/distributed, single/multi hop, and indoor/outdoor. MmW systems as a potential enabler of 5G should be designed to interact with other sub-networks.
Although heterogenous networks have been an active research area, new proposals -especially on MAC layer-are required to address the specific characteristics of mmW communications.
III. STANDARDIZATION IN MMW COMMUNICATIONS
There have been recent standardization activities of mmW MAC in 60GHz band for personal and local area networks, but very little has been done for cellular networks. We review these standards to identify the MAC design criticalities in the following section. We argue that the current MAC designs are not sufficient and need substantial developments and integrations for which we provide guidelines.
A. Personal Area Networks: IEEE 802.15.3.c IEEE 802.15.3c standard specifies mmW wireless personal area networks (defined as piconet). By supporting very high data rate over 2 Gbps in 60 GHz, it enables several applications such as high speed internet access, streaming content, video on demand, and high definition TV.
Transmitter and receivers are defined as devices. Among a group of devices, one will be selected as the piconet coordinator (PNC) providing synchronization and management for the piconet. The PNC manages the MAC of the rest of devices by broadcasting beacon messages. Upon receiving a beacon, the devices are aware of the existence of the PNC, and they learn when and how to access the channel. The time is divided into sequential superframes, each of which consists of three portions including the beacon message reception, contention access period and channel time allocation period. The contention access period is based on the carrier sense multipleaccess/collision avoidance (CSMA/CA) access method. The channel time allocation period provides time division multiple access (TDMA) type of communications. Each channel time allocation period is a time slot granted by the PNC for a certain pair of devices. The main entities are the access points and the clients (stations). A basic service set (BSS) is a set of stations that are synchronized with common communication features to be shared by all stations involved in the communications. The basic service area is the area containing members of a BSS. A personnel BSS is defined as a station that assumes the role of the BSS central point (PCP). PCP provides the basic timing for the personal BSS through mmW beacon messages and manages the allocation of the contention-free periods and contention-based periods. Channel access occurs during beacon intervals (BI) and is coordinated using a schedule generated by PCP. The BI is the time between two consecutive beacons. The schedule is communicated to STAs using mmW beacon messages. BI is sub-divided into beacon time (BT), association-beamforming training (A-BFT), announcement time (AT) and data transmission time (DTT). In BT, one or more mmW beacon frames are transmitted by PCP. Then in A-BFT, beamforming training and association with PCP are performed. AT is allocated for request-response services where PCP sends information to the stations.
C. Cellular Networks
At the current moment, there are several ongoing discussions within research projects such as FP7 EU Project METIS (2012-2015), which constitutes a pre-standardization activity for mmW in cellular networks. Consequently, this is an area where substantial research will have to be performed. It is expected that the access protocols will use some of the characteristics of the personal and local area networks we summarized above. However, we believe that the main guidelines related to MAC design that we survey in the next section, will be useful.
IV. MAIN ISSUES FOR MAC DESIGN
In the sequel, we discuss main MAC design issues that arise in mmW communications, and state the weakness of the current solutions, including aforementioned existing standards, when these mechanisms are applied to support the next generation wireless networks, namely 5G.
A. Blockage
Although obstacles are a problem existing in every wireless network, the higher frequency and directionality of mmW make it more relevant. Most of the existing mmW studies assume that transmission can take place only in LoS cases, however the study in [7] recently showed that satisfactory communication links can be established even in NLoS scenarios, if we have a dense urban environment with enough reflections. We propose that the wireless communication link between two neighbor devices (or stations or user equipments) can be abstracted from the point of view of the MAC layer by a three states Markov model, as depicted in Fig. 1 . In this Markov chain, the hidden terminal state is not significant as in microW personal and local area networks due to the high directionality in 3D space of the communications both at the transmitter and at the receiver. Contention and interference appear to be as a secondary design factors as opposed to microW systems [8] . This is true for mmW data channels, whereas for control channels on microW that support mmW communications, which we discuss later, the hidden terminal problem can still occur as for every personal and local area network at microW frequencies. However, the short size of control message and their rare frequency will not make the microW hidden terminal problem harmful. Analogously, the use of narrow beams will make it impossible the presence of exposed terminal problem for mmW communications (see Fig. 2 ). This Markov chain will enable the design of adaptive MAC layer protocols capable to take the best access action based on the link state. Clearly, the MAC action when there is a blockage will be different from the MAC action when there is a deafness, where the control channels will have to coordinate the beamforming, as we explain later below. These issues are not taken into account in the current standardization.
B. Deafness
Deafness is one of the most critical challenges of mmW communications as a consequence of narrow beamforming due to massive antenna integration. This phenomenon refers to the case when the main beams of the transmitter and receiver do not point to each other and consequently cannot establish a communication (device N1 in Fig. 3 ). Traditional well-known protocols such as the Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) fails to provide efficient multiple access [8] , since it had been originally developed for omnidirectional transmissions. For instance, assume that a mmW transmitter tries to access the channel by sending a request to sent message (RTS) after backoff timer expires (see Fig. 3 ): the receiver does not hear RTS due to the deafness or blockage, and therefore it would not send the clear to Transition probabilities depend on several parameters, including mobility, blocking obstacles, beamforming, and the reflectors in the environment. The hidden terminal state or exposed terminal state is not significant in mmW due to high directionality of the beams and consequent reduced contention [8] .
send message (CTS). Traditional CSMA/CA protocols assume the happening of a collision, and increase the backoff time exponentially. In mmW, this is a wrong decision, which may lead to unnecessary delays.
To solve these problems and enhance the performance of CSMA/CA in directional communications, [9] suggests the usage of a modified bachoff timer in which the duration of the contention window depends on the events causing backoff timer increase. Specifically, they propose exponential increase for contention window for a missing ACK and linear increase for missing a CTS. This proposal, however, fails to distinguish among the blockage, deafness, and collision, which being caused by different physical reasons, deserve a different handling at MAC layer. In [10] , an algorithm for distributed coordination with deaf neighbors is proposed. However, additional signaling messages for establishing a mmW links should be designed to solve unnecessary prolonged backoff time.
The transmitters face three possible cases after sending a directional (or omni-directional) RTS. (a) If the transmitter receives CTS before timeout, then extracts the beamforming information from CTS and starts transmissions based on CSMA mechanism. (b) If the receiver cannot decode the message due to collisions of several RTSs of other transmitters, then it sends a No-Clear-To-Send (NCTS) message. Consequently, the transmitter receives NCTS and sends another RTS after running the backoff procedure. (c) the transmitter does not receive CTS nor NCTS. In this case, after timeout, it knows that there is deafness or blockage problem in the channel, and then it tries to find another channel or even Then, N4 starts transmission toward N3, but N3 faces collision. However, this event is very rare due to pencil beams, thus collision avoidance mechanism may be optionally considered. (b): The use of narrow beams will make it impossible the presence of exposed terminal problem. Devices N2 and N3 intend to communicate to N1 and N4, respectively. These communications will be performed without any problem. another direction instead of running an unnecessary backoff. Therefore, this simple yet effective solution avoids prolonged backoff time, which is the result of deafness and blockage, and not of contention. Figure 4 describes the protocol and shows the performance enhancement due to the above policy. In an environment with the average blockage probability of 0.02, for instance, the average backoff time will be dramatically decreased by a factor of about 95%.
We conclude by observing that deafness is a bottleneck of mmW communications, but it allows devices to support simultaneous transmission without interfere, leading to signif- (1), device N2 will not receive RTS of device N1 due to deafness or blockage, and it will be silent in the next step. In scenario (2), the device N2 detects an RTS. It sends a CTS signal in response to reserve the channel for the communication. In scenario (3), device N3 receives more than one RTS at the same time. It sends an NCTS signal to let the transmitters run backoff procedure. (b): Average backoff time of the device winning the contention of accessing the same transmission resource (channel, direction, and time). Standard RTS-CTS based negotiation leads to prolonged unnecessary backoff time, while a slight modification of this standard negotiation, by introducing NCTS, effectively mitigates the problem. Note that regardless of blockage probability, the devices may face the deafness problem, which in turn contributes to prolonged backoff time, when we use just RTS-CTS channel access. icant spatial resource reuse and substantial increased spectral efficiency.
C. Synchronization
Although mmW systems can be designed to operate asynchronously, asynchronous systems are well known for low spectrum and energy efficiency, poor QoS support, and time consuming cell search and discovery procedures. When mmW systems are integrated in cellular networks, stringent resource efficiency and QoS requirements demand the design of tight synchronous operations.
Given that LTE already support large bandwidth communications, it is expected that its signaling architecture will be a useful reference point for mmW syncronization. In LTE systems, acquiring time and frequency domain synchronization during the cell search is facilitated by the so-called primary and secondary synchronization signals, which are illustrated by Fig. 5 . An important feature of LTE is the support for both cell specific (such as the primary and secondary synchronization signals) and so-called user device equipment specific reference signals. As opposed to these primary and secondary signals, the user equipment specific reference signals, which are embedded in the downlink data transmissions to facilitate user equipment specific beamforming, can be transmitted directionally to assist the coherent demodulation of beamformed data signals. We believe that these solutions should be adopted also in mmW cellular networks.
However, as it has been pointed out in, for example [6] , the design of synchronization and broadcast (cell specific) signals are particularly challenging in mmW systems, because of the reliance on highly directional transmissions. In mmW systems, directional transmissions are expected to be used not only for data communications, also for user specific reference signals and perhaps for cell specific and synchronization reference signals. In the case, the time and frequency domain search procedure, which is appropriate for unidirectional broadcast synchronization signals, must be augmented by spatial searching, due to pencil beamforming based transmissions. This may cause a delay for detecting the base station in handover, and for obtaining system information at initial cell search.
D. Concurrent Transmissions
The main problem for having concurrent transmissions in traditional networks is the interference. Transmissions in mmW frequencies are isolated in a short space due to high path loss, oxygen absorption, and blockage. Furthermore, directional communications inherently reduces contention of accessing the same transmission channel. In a mmW network with several uncoordinated devices, however, a contention avoidance mechanism like CSMA/CA should be deployed, even though it is of secondary importance. A possible solution is to provide an interference free access using a coordinator in the network. In this strategy, which is already utilized in standards such as IEEE 802.15.3c [2] , a piconet coordinator use TDMA to share the channel among the devices. This interference-free scheme is investigated in [11] , and show that the network throughput enhances by 340% compared to single transmission. However, this solution cannot be applied when there is not a network coordinator. In such a network, narrower beams can reduce contention, but at the same time generate possible deafness and blockage. This gives higher system complexity. Thus, new MAC protocols should be developed for optimizing interference-complexity tradeoff in mmW communications.
E. User Association, Relaying, and Mobility
How to optimally associate the devices to the available wireless access points or base stations, and support seamless handover handover the communications, is more challenging in mmW band than microW wireless networks, due to the special characteristics of mmW communications.
The current mmW 60 GHz standards adopt the received signal strength indicator (RSSI) for the association mechanism, which can lead to inefficient use of the network resources. High RSSI values cannot univocally indicate a good association. Because of the sub-optimality and difficulty of applying the existing approaches to mmW networks, due to the special characteristics of the channel and the differences with the rest wireless access technologies, novel association mechanisms must be designed. Some of the fist approaches approaches can be found in [12] and references therein, where the focus is on achieving load balancing and fairness.
Another main issue concerns the ability of the mmW MAC layer to handle mobility. Given the dense base stations or access points of short range, it is expected that there will be frequent handovers between adjacent cells. Handovers will have to be performed frequently also due to high attenuation and blockage. A potential solution is the usage of relaying nodes and backup paths to mitigate possible blockages. In [13] , it was shown that about 100% connectivity is achievable if the network coordinator establishes an alternative relay path in the case of NLoS. To this end, MAC layer must facilitate exchanging control messages, managing the available wireless resources, and mitigating possible frequent disconnections and reconnections with the same base station or access point.
We conclude this subsection by that selecting the MAC protocol parameters capable to handle association, relying, and mobility is largely an open problem. Relaying nodes should be considered as a fundamental building block of mmW and 5G networks, while it has secondary importance in LTE-A, and traditional base station-mobile device topology should be developed to enable relaying devices (or virtual base station, for example piconet coordinator in IEEE 802.15.3c) and also support peer-to-peer communications.
F. Multiple Access
One of the main functions of MAC layer is to facilitate multiple access through a single channel. Current mmW standards use phase-array antenna for combining the data received by each antenna either in free space or at IF level, since they cannot afford high resolution wideband A/D converters for each antenna [6] . Although this puts a big emphasis on spatial multiplexing and multiuser transmission paths, future development of electronic devices along with modified precoding and detectors can enable us to enhance the current standards significantly.
The main problem with current standards is the emphasis on TDMA with allocating one user in each time slot. This can work in personal or even local area networks, but it is not optimal in 5G. It is not convenient to assign a valuable time slot, which is able to carry let say 10 MB, to one device transmitting just 100 KB. TDMA scheme is not energy efficient and can easily drain the battery of devices [6] , which may be a big issue in uplink.
The capability of Orthogonal Frequency Division Multiplexing (OFDM) to overcoming frequency selective fading (which is the case when we transmit on huge bandwidth such as 2.16GHz in IEEE 802.11ad at 60GHz) motivate using OFDM transceivers and Orthogonal Frequency Division Multiple Access (OFDMA) multiple access schemes. However, OFDMA entails two main problems: high pick-to-average-power-ratio, and need of highly precise time and frequency synchronization. While this is manageable in downlink direction, increased system complexity and power consumption challenges using of this technique on uplink direction, where low cost low power mobile devices are envisaged. The developers of LTE alleviate the above problems by introducing single carried Frequency Division Multiple Access (SC-FDMA), which can be easily implemented by the OFDMA block diagram, and suffers much lower pick-to-average-power-ratio. These techniques along with multiband OFDM, which has already been used in ultra wide band systems, are the main candidates for next generation mmW cellular networks.
Space division multiple access (SDMA) is another multiple access technique that is very promising for mmW cellular networks. This technique allows multiple transmitters to send simultaneously, without causing harmful interference, in different directions. This is especially important in relaying and multihop communications. A relay device can serve several incoming traffics from different devices by using multi-beam, meaning that it has more than one beam to serve the various devices. This potentially demands rethinking precoding and detection at the physical layer, and resource management along with routing. We expect that a combination of SDMA and OFDMA can be the solution for multiple access of mmW-based 5G, due to their flexibilities and coexistence with relaying [14] .
G. Control Channel
Many operations such as establishing a communication channel, discovering neighbors, exchanging routing information, and coordinating channel access rely on signaling message exchange on a control channel (CC). The characteristics of mmW communications pose two types of tradeoffs for implementing CC, which we define as the fall-back and directionality tradeoff.
Fall-back tradeoff is about sending control message through in-band channel, where mmW data transmission occurs, and out-of-band channel, such as for example over microW channels (see Fig. 6 ). The in-band channel may be subject to deafness and blockage, reliable CC design in mmW communications is difficult. On the other side, a dedicated out-ofband CC may allow network synchronization and broadcasting at the expense of higher hardware complexity and energy consumption, since a dedicated transceiver should be tuned on the CC. Furthermore, channel state information should be calculated in in-band channels, where actual data will be transmitted. Directionality tradeoff, on the other hand, refers to the option of establishing aa CC in omni-directional, directional, and hybrid operation modes:
Omni-directional CC: Similar to traditional wireless networks, a CC can be set-up by omni-directional transmission/reception. When this CC is in-band, this signaling mode mitigates the challenges associated with the directionality commonly used for the physical layer of mmW, but has the drawback of being subject to very short range, blockage, and interferences. When this CC is out-of-band, it has the above mentioned disadvantages. Note that the CC can be a dedicated channel or opportunistic one (using cognitive radios [15] ). Also, lower bands may be opportunistically used by cognitive mmW devices, if no dedicated channel are considered for mmW signaling. In the case, however, the devices face the well-known problem of shared common control channel, i.e., a shared channel may not be available for long time due to primary device's activities [15] .
Directional CC: Although we can establish a CC with directional transmission/reception in out-of-band channel, inband implementation is more attractive as done in [2] . Two possible solutions are available for this case: time splitting and resource table. In time splitting approach, a frame is divided into signaling and data phases. During the signaling phase each terminal overhears control messages in all directions to be aware of the network status. Then, transmissions are performed in the data phase. [11] suggests that the coordinator of the network operates in the omnidirectional mode by activating all its beams during signaling phase, and use only one beam for data transmission in the next phase. On the other hand, in a resource hopping approach, each transmitter estimates the topology of the network in neighbor discovery phase. Then, it creates a list of proper resources (directions and channels) based on the feedback received from previous transmission attempts (piggybacking over data transmissions), and tries to communicate destination node using updated resource table. It is shown that this approach increases the aggregate throughput by 52% compared to current directional MAC [10] . However, complex protocols are required here for mmW devices to efficiently utilize available resources and access the channel.
Hybrid CC: Another solution for implementing CC is that some important signals such as synchronization or channel access requests are transmitted in omni-directional mode, and then other signals such as ACK or NACK operate in directional mode. Thereby, we can benefit by very low latency in receiving control messages, estimate the channel in the same operating frequency of data transmission for coherent demodulation in the next time slot, and to not miss the available time for exchanging control messages, which is the case for time splitting technique. Nevertheless, hybrid CC may cause the problem of under-utilization of the communication range, due to either the transmission of omni-directional control packets or to omni-directional idle listening, as it happens in IEEE 802.11ad. In those cases, the communication range would be limited by the antenna configuration.
V. DISCUSSIONS
The discussion undertaken so far shows that the MAC layer mechanisms that are now under standardization could be inefficient to handle situations that harness the desirable operation of the network. Multiple access allocating one user in each time devastates valuable resources of mmW communications, prolonged backoff time as a result of deafness and blockage, and directionality tradeoff that limits the communication range, are just some examples indicating that the current protocols need substantial improvements. Relaying techniques should be considered as a primary building block of next generation cellular networks for both access link and backhaul, since it can provide a more uniform quality of service by offering indoor-outdoor and cell-edge coverage and also multihop communication for mitigating the blockage problem. Design factors of MAC layer in mmW should be dramatically changed from interference-free designs to more effective protocols that address the characteristics of mmW communications such as blockage and deafness. More research is needed for utilizing full advantages of mmW communications in a heterogeneous and complex networking environment of 5G networks.
VI. OPEN ISSUES
Although several interesting investigations exists in the area of mmW communications, they are primarily focused on channel modeling and physical layer aspects. However, MAC layer of mmW is a world with several challenges that still need to be addressed, which motivates a substantial development of protocol design.
To mention some of the future research directions, the MAC will have to be optimized to search for available resources, in dynamic and flexible cells. Fairness throughout the cells using relays, especially in cell-edges, will be an essential aspect. The MAC will have to support connectivity and coverage extension using multihop transmission and relay nodes. Another challenge is to increase the range of mmW transmissions by MAC layer solutions such as multi-band mesh networks that exploit spatial reuse and coordination with the 2.4/5GHz band.
